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Raman studies of Mg-doped InN films with a Mg content from NMg=3.31019 to 5.5
1021 cm−3 are reported. Raman and secondary ion mass spectroscopy data on the Mg content have
been found to correlate well. Lattice dynamics of hexagonal InN with substitutional impurities and
vacancies has been investigated in the framework of the cluster approach. Energy positions of local
vibrational modes in InN have been calculated and compared with experimental findings. It is
concluded that Raman spectroscopy is a good tool for quantitative characterization of Mg-doped
InN. © 2007 American Institute of Physics. DOI: 10.1063/1.2785137
Despite the recent progress in the growth of epitaxial
InN layers, p-type InN is not available, which hinders the use
of InN-based heterostructures in photonic and electronic ap-
plications. The solution of this problem can be achieved only
through the complex investigations of doped InN by different
techniques. Raman scattering is one of powerful character-
ization tools for semiconductor materials. This technique was
successfully used for a study of Mg-doped GaN and valuable
information on the correlation between Raman data and p
conduction of GaN was obtained.1–7 However, there are few
Raman experiments with Mg-doped InN.8,9 The goal of this
work is to study systematically the lattice dynamics of Mg-
doped InN in order to develop a method of characterization
of p-type InN using Raman spectroscopy.
Mg-doped 0.5–2.0 m thick InN layers were grown by
plasma-assisted molecular-beam epitaxy on c-plane sapphire
and Si111 substrates.10,11 All the samples had a wurtzite
structure with the hexagonal axis normal to the substrate
plane. Mg concentrations in the samples ranged from NMg
=3.31019 to 5.51021 cm−3, as determined by secondary
ion mass spectroscopy SIMS. According to the SIMS depth
profiles, the Mg distribution was uniform throughout the
films. Hall measurements of as-grown samples demonstrated
n-type conduction, while thermal probe measurements indi-
cated p-type conduction for some Mg-doped layers. Polar-
ized Raman spectra were obtained in zxxz¯ and zxyz¯ scat-
tering configurations, where z is the hexagonal axis direction.
An Ar laser was used as excitation source ex=488 nm.
Figure 1 presents spectra of undoped InN and InN:Mg
with a Mg concentration of 7.11020 cm−3. It can be seen
that the Mg doping gives rise to a broad band in the region of
70–220 cm−1 that correlates with the acoustic phonon den-
sity of states of InN.8 The E2high phonon line broadens and
experience a week high-energy shift. The intensity of the
A1LO phonon Raman line is much higher than that of the
E2high phonon line, and the LO multiphonon scattering is
observed shown in Fig. 1 only partially. It has been found
that the intensities of the first and higher-order LO phonon
aElectronic mail: valery.davydov@mail.ioffe.ru
bPresent address: Department of Physics, Nanjing University, Nanjing,
210093, China
FIG. 1. Room-temperature Raman spectra of undoped InN and Mg-doped
InN with a Mg concentration of 7.11020 cm−3 grown on Al2O30001
substrates. The spectra are corrected for the spectrometer spectral sencetiv-
ity. The line at 2329 cm−1 is due to N2 vibration in air.
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lines grow with increasing Mg content. This is the evidence
of a resonant character of the Raman process at excitation
into the continuum interband transition spectrum due to Mar-
tin’s double resonance12 enhanced by elastic electrons and
holes scattering from charged Mg impurities. It is also seen
that high-energy lines at 2193 and 2228 cm−1 have appeared
in addition to E2low, E2high, and A1LO phonon lines
allowed for the zxxz¯ scattering configuration.
Spectra of the Mg-doped InN films are presented in Fig.
2 for the entire range of Mg concentrations. The spectra are
normalized to the E2high mode intensity and shifted along
the vertical axis to simplify comparison. The most pro-
nounced feature of the spectra is the enhancement of the LO
phonon band intensity with increasing of Mg content. In our
experiments, integral intensity of LO band was found to be
similar for the samples grown on different substrates and
having equal Mg content. The mode at the position of the
A1LO phonon in n InN was attributed by some authors to
coupled LO-phonon-plasmon mode L- mode with large
wave vectors see, e.g., Ref. 13. In InN:Mg we ascribe this
band to L- mode resulting from the Raman process with the
breakdown of wave-vector conservation law due to electron-
hole pair scattering by Mg impurities.
The Raman cross section can be described in the linear
approximation with respect to the impurity concentration
NI until the averaged spatial separation of impurities r¯
= 3/4NI1/3 is larger than the Thomas-Fermi screening
length of 1 /qTF. If we consider the spatial size of an impurity
potential well as a sphere of radius of 1 /qTF, the nonlinear
corrections to the cross section appear when some spheres
overlap and form clusters. Scattering of photoexcited elec-
trons and holes is most effective from single impurities when
the transferred wave vector is of the order of qTF. An in-
crease in the sizes of potential wells of clusters due to over-
lapping leads to a decrease of the wave vectors transferred in
a scattering event, and the effect of scattering from clusters
can be neglected in the first approximation. Therefore, in
order to find the dependence of Raman cross section on the
impurity concentration, we have to estimate the concentra-
tion of nonoverlapping potential wells in terms of the con-
tinuum percolation theory.14 The number of impurities with
nonoverlapping potential wells NI
1 both below and above the
percolation threshold can be written as NI
1
= exp−2,
where = 1/ r¯qTF3 /2.
Figure 3 compares experimental and model depen-
dences. It can be seen that below NMg=11021 cm−3 the
dependences are close to a linear one, which means that Ra-
man data for this concentration range can be used for quan-
titative estimation of Mg content in InN.
The intensities of two distinct peaks at 2193 and
2228 cm−1 in Raman spectra of InN:Mg samples were found
to correlate with the Mg content as well see Fig. 2c. Both
lines have A1 symmetry. Similar high-energy vibrational
modes in the Raman spectra of GaN:Mg see Fig. 2d were
assigned to Mg–H bonds in the complexes with vacancies or
interstitials.1–3,5–7,15 However, the exact microscopic struc-
ture of these defect complexes is still unclear. We have found
that the high-energy modes in InN:Mg behave differently
from those in GaN:Mg. For example, the mode at 2228 cm−1
in InN:Mg experiences a low-energy shift with the increase
of the temperature in the range of 77–450 K, consistent with
the crystalline lattice thermal expansion. This differs mark-
edly from GaN:Mg where a high-energy shift with tempera-
ture increasing was detected in the same temperature range
for two of high-energy modes.6 Detailed analysis of the tem-
perature behavior of phonon modes in InN:Mg will be given
in a separate paper.
Weak lines at 293, 313, 565, and 622 cm−1 which are
shown in Figs. 2a and 2b by asterisks can be assigned to
FIG. 2. a–c Room-temperature Raman spectra of undoped and Mg-
doped InN samples grown on Al2O30001 and Si111 substrates 1—
undoped InN, 2—NMg=4.61019, 3—NMg=7.31019, 4—NMg=2.41020,
5—NMg=7.11020, 6—NMg=1.41021, and 7—NMg=5.51021 cm−3. d
High-energy vibrational modes in GaN:Mg and InN:Mg with similar Mg
contents of NMg=71020 cm−3.
FIG. 3. Integral intensity of the LO-like mode of InN:Mg normalized to the
E2high mode intensity symbols and the number of impurities with non-
overlapping potential wells solid line as functions of Mg content.
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local vibrational modes of Mg that substitutes In. In order to
verify this assignment and to extract local characteristics of
lattice sites from polarized Raman spectra, we have studied
theoretically lattice dynamics of InN with substitutional im-
purities. Raman spectrum of an infinite lattice with a super-
cell containing 332 cells of the wurzite InN was simu-
lated. The potential model took into account the Coulomb
interactions in the rigid ions approximation and short-range
forces in the framework of the Born-Karman model. The
model parameters for the InN host lattice were borrowed fom
the earlier investigation of undoped InN.8 The lattice spatial
anisotropy was taken into consideration by using different
force constants for the In–N bonds directed along and ob-
liquely to the hexagonal axis. One of In atoms in the super-
cell was substituted by Mg. The effective charge of a Mg
atom was chosen to be equal to that of an In atom, and
Mg–N force constants were related to the In–N force con-
stants by relationship KMg–N=sKIn–N. A scaling factor
s was found by comparing the calculated and experimental
spectra. A similar procedure was described earlier for Mg-
doped GaN.16
The calculated spectrum was found to have several lines
whose frequencies exhibited a strong dependence on s. These
lines correspond to the modes localized at a point defect
a MgN4 tetrahedron or combination of these modes with
lattice vibrations. One of these lines lies in the interval be-
tween the TO and LO mode frequencies. This mode is local-
ized at the defect and corresponds to a symmetric pulsation
of the sMgN4 tetrahedron. It can be supposed that it is just
this mode that corresponds to the line observed experimen-
tally at 565 cm−1. This assignment allows one to estimate s
as 1.1. The second line lies in the interval between ALO
and ELO. It corresponds to a local asMgN4 mode with
calculated frequency of 594 cm−1. The line observed experi-
mentally at 622 cm−1 can be tentatively assigned to this
mode. In calculated Raman spectrum, there are two modes in
the region between acoustic and optical phonon branches.
The line at 305 cm−1 corresponds to defect-induced mode
that includes the localized sMgN4 umbrellalike vibration
slightly mixed with the B1-low phonon mode. The line at
315 cm−1 is doubly degenerate and originates from the local-
ized asMgN4 vibration. The lines observed in the experi-
ment at 293 and 313 cm−1 can be assigned to these two
modes.
Lattice dynamics of hexagonal InN with anion and cat-
ion vacancies was also investigated by using the similar ap-
proach. Several lines can be distinguished in the calculated
Raman spectra in the regions of 130–180 and 350–370 cm−1
for InN with nitrogen and indium vacancies, respectively. In
addition, the spectra have several lines in the frequency in-
terval between the E2high and LO modes. Thus, the inter-
pretation given to weak lines at 293, 313, 565, and 622 cm−1
in this paper can be regarded only as tentative. Further stud-
ies are needed to make a final conclusion.
To summarize, systematic studies of Mg-doped InN
films with the Mg content ranging from NMg=3.3
1019 to 5.51021 cm−3 have been performed by Raman
spectroscopy. A good correlation between the Raman and
SIMS data has been revealed for the samples grown on dif-
ferent substrates with equal Mg contents. Lattice dynamics
of hexagonal InN with substitutional impurities and vacan-
cies has been theoretically studied in the framework of the
cluster approach, and the energy positions of local vibra-
tional modes have been calculated and compared with ex-
perimental data. These findings indicate that Raman spec-
troscopy is a promising technique for quantitative
characterization of Mg-doped InN.
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